The Fluorescence in situ Hybridization (FISH) method allows one to detect nucleic acids in the native cellular environment. Here we provide a protocol for using FISH to quantify the number of mRNAs in single yeast cells. Cells can be grown in any condition of interest and then fixed and made permeable. Subsequently, multiple single-stranded deoxyoligonucleotides conjugated to fluorescent dyes are used to label and visualize mRNAs. Diffraction-limited fluorescence from single mRNA molecules is quantified using a spot-detection algorithm to identify and count the number of mRNAs per cell. While the more standard quantification methods of northern blots, RT-PCR and gene expression microarrays provide information on average mRNAs in the bulk population, FISH facilitates both the counting and localization of these mRNAs in single cells at single-molecule resolution.
Introduction
Using bulk measurement techniques, it is not possible to assay the number of transcripts or transcriptional activity within single cells 1 . Using fluorescent proteins driven by promoters of interest as reporters of gene expression can address this issue to some extent, but the time required for fluorescent proteins to fold obscures early dynamics. Long-lived fluorescent proteins also cannot report mRNA lifetimes. The FISH method can be used to assay mRNA during its complete life cycle, from transcription initiation in the nucleus to subsequent maturation and decay in single cells, with single-molecule resolution.
The original in situ experiments for visualizing nucleic acids used radiolabeled RNA probes to probe DNA elements. These included visualizing ribosomal DNA in ovaries of the frog Xenopus laevis 2 and satellite DNA in mouse tissue 3 . The first fluorescent in situ experiment used an RNA molecule marked with a fluorophore to probe particular DNA sequences 4 . The first application of fluorescent probes for visualizing RNA in situ was the visualization of actin gene expression in chicken muscle tissue culture 5 . More recently, in budding yeast, FISH has been used to investigate oscillations in transcription during the yeast metabolic cycle 6 , the decay of mRNAs during cell cycle progression 7 , and spatial localization of mRNA transcripts during mitosis 8 . FISH has been used in yeast to show that uncorrelated fluctuations in constitutively transcribed genes, which constitute more than half of all yeast genes, arise from uncorrelated transcription initiation 9 . In non-yeast species, FISH has been used to identify stem-cell markers in the mouse intestine 10 and to determine that incomplete penetrance of cell fates can result from stochastic gene expression fluctuations in C. elegans embryos 11 .
The FISH method described here works by hybridizing dye-labeled, single-stranded DNA probes to mRNA messages. Cells are imaged and mRNAs are counted using a spot-detecting algorithm. Single-stranded probes can be generated with a DNA synthesizer and then labeled (referred to here as Singer probes) or ordered commercially as pre-labeled probes (Stellaris probes) 12, 13 . A major difference between the Singer and Stellaris probes is that the Singer probes are longer (~50 bp) and are multi-labeled while the Stellaris probes are short (~20 bp) with only one label per probe, as described by Raj et al Protocol Figures 1 and 2 are schematics of the FISH experimental procedures and image analysis pipeline used for quantifying FISH images. 
Solutions to Prepare

Probe-labeling (Singer Probes Only)
We obtain these probes by in-house synthesis using an ABI oligonucleotide synthesis apparatus. Typically, 4-5 ~50 bp oligonucleotides are synthesized that are homologous to the gene of interest, substituting amino-allyl thymidine for several thymidines spaced at least 8, preferably 10+ bp apart. Because of their sensitivity to ozone, we work in an ozone-free facility when using CY dyes.
1. Obtain ~5 probes and resuspend in 100 μl water -check concentrations on Nanodrop. 2. Depending on how many probes/gene, combine total of 10 μg oligonucleotides/gene (e.g. if have 5 probes/gene, then want 2 μg/probe). 3. Use QIAquick columns to purify probes according to QIAquick Nucleotide Removal Kit Protocol. 4. Add 10 volumes Buffer PN to total volume of combined probes and mix. 5. Apply sample to QIAquick column -if total volume is greater than 750 μl, spin down twice using half of volume in each spin 6. Let stand for 1 min. 7. Centrifuge 1 min at 6,000 rpm. 8. Wash with 750 μl Buffer PE. 9. Centrifuge 1 min at 6,000 rpm. 10. Dispose of flow through and re-spin column for 1 min at 13,000 rpm to dry. 11. Place QIAquick column in new microcentrifuge tube and elute DNA with 50 μl H 2 O -Make sure H 2 O pH is within 7.0 and 8.5 and is placed directly on membrane. 12. Let stand for 1 min. 13. Centrifuge for 1 min at 13,000 rpm to elute DNA. Figure 3 shows typical histograms computed from FISH images and used to determine the number of mRNAs present in single cells. An important advantage of microscopy-based RNA quantification is that one can obtain information on the localization of transcripts. For example, we used FISH to identify mRNAs in single cells with an inducible CBF1 allele (Figure 4) . Because many mRNA molecules are present at the site of transcription, we are able to identify the presence and location of transcription sites within the nucleus. 
Representative Results
Discussion
To date, FISH has primarily been a low-throughput method. The use of Cy3, Cy3.5, and Cy5 dyes limits the number of genes one can investigate in single cells to three at a time. Some additional probes have been developed (Stellaris) but the number of distinguishable probes is still at most seven. To circumvent this limitation, combinatorial labeling strategies using multiple fluorophores have been used to create barcodes for different mRNA species 19, 20 . Most recently, Lubeck and Cai used optical and spectral barcoding to quantify 32 different species simultaneously with FISH in single yeast cells 19 . One limitation of this recent combinatorial approach is it requires the use of super-resolution microscopy. The analysis needed to distinguish the barcoded probes is also quite complex.
We have found that Cy3 and Cy3.5 are preferable to Cy5 for FISH experiments. One of the limitations of the Cy5 dye is its sensitivity to photobleaching. However, Stellaris has recently developed Cy5 variants that are advertised as more resistant to photobleaching, and may alleviate this technical issue. It also worth noting that FISH is an expensive method to implement and that both Singer and Stellaris probes typically cost $700 -$1,000 per probe set, although prices for commercially available probes should decrease in the future. Sparing of reagents and efficient labeling brings Singer probes down to the lower range in price.
One of the major technical challenges is the separation of single versus multiple probe spots, which requires the implementation of sophisticated spot-determining algorithms. This can take extensive manual review to tune image analysis parameters for specific experimental setups. An outline of our computational pipeline with relevant MATLAB functions is provided in Section 7 of the protocol. This issue is somewhat alleviated by the Stellaris probes which have only one label per probe. It therefore requires the colocalization of multiple probes to see a signal.
Because FISH necessitates fixing cells, it does not facilitate tracking individual cells over time. Previously, we used FISH snapshot data to reconstruct the dynamics of gene expression in individual metabolically cycling yeast populations 6 . Metabolic cycling is observed in pre-starved, continuous cultures, and is characterized by population-wide collective oscillations in oxygen consumption. These oscillations are associated with genome-wide oscillations of transcripts that occur for half of all yeast genes at different phases of oxygen consumption. We sought to determine if metabolic cycling was present in unsynchronized continuous yeast cultures. If present, transcripts that are anti-correlated in synchronous populations should also be anti-correlated in unsynchronized single cells, and vice versa for correlated transcripts.
To reconstruct dynamics of mRNA production in time, the observed snapshot data must be compared to what is expected from a model of the underlying behavior. There are theoretical limitations to when such "snapshots" of gene expression data can be used to determine the underlying gene expression dynamics and which kinds of models can be distinguished 21 . For the metabolic cycle data, rather than directly showing the presence of temporal oscillations, statistical measurements were implemented to substantiate that there is indeed a cell autonomous oscillatory program consistent with bulk microarray measurements.
